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Electrospray ionization of poly(ethylene glycol) (PEG) followed by separation with Fourier-
transform mass spectrometry traps (PEG100 1 nH)
n1 ions. Both collisionally activated disso-
ciation (CAD) and electron capture dissociation (ECD) of these ions (n 5 5, 6, 7) produce
PEGx fragment ions in which the x values correspond closely to those for an equal distribution
of charges in the linear polymer ion, e.g., for n 5 7, near x 5 1, 17, 34, 50, 67, 83, and 100.
However, positions intermediate between these charges should represent the maximum
coulombic repulsion, so this is not a specific driving force for fragmentation, which is instead
consistent with charge site (CAD) or radical site (ECD) initiation. These conclusions were
confirmed by studies of a variety of other poly(alkene glycol) polymers. For these, the ECD
spectra of the protonated species are consistent with the predicted charge solvation by the ion’s
oxygen atoms. (J Am Soc Mass Spectrom 2001, 12, 565–570) © 2001 American Society for
Mass Spectrometry
Electrospray ionization (ESI) [1] has become aninvaluable method for mass spectrometry (MS) ofinvolatile macromolecules in part because of its
unique formation of multiply charged gaseous ions,
usually with a charge for every 500–1500 Da in mass.
Multiple charging is a key for tandem mass spectro-
metry (MS/MS) of larger compounds, as energetic
methods such as collisionally activated dissociation
(CAD) [2] and infrared multiphoton dissociation
(IRMPD) [3] are ineffective with singly charged ions
larger than ;2 kDa. The extent of electron capture
dissociation (ECD) [4] also increases with the number of
positive charges. Many studies have shown how the
chemistry, as well as the extent, of dissociation can be
dramatically influenced by the number of charges
[3–13]. An increase in coulombic repulsion would ap-
pear to require a decrease in the activation energy for
dissociation, as well as the thermodynamic stability, as
is observed [12]. However, measurements of Williams
and co-workers [6] show an increase in the activation
energies for the dissociation of ubiquitin ions as the
charge state is raised from 51 to 111. This CAD/ECD
study probes the effect of variations in electrostatic
repulsion and charge solvation along a homopolymer
chain using multiply charged ions from ESI of poly(eth-
ylene glycol) [13] and poly(propylene glycol),
R(OCH2CH2)xOR and R[OCH2CH(CH3)]xOR, PEG and
PPG. These homopolymers should have extended lin-
ear structures in the gas phase [14] and very similar
reactivities and cation affinities for each monomer unit.
Although CAD/ECD spectra show increased disso-
ciation with increasing density of positive charges,
reaction initiation at the charge or radical sites (charac-
teristic of CAD and ECD spectra, respectively) is a basic
correlation for mass spectrometry dissociation of
smaller singly charged ions [15, 16]. Such a correlation
for polymers would be useful to characterize polymer
charge solvation for both the number and type of
cations and for the polymer structure and size. This
would extend previous studies using ion mobility and
theory to investigate ion solvation in polyglycols [14].
Experimental
PEG 4800 (Scientific Polymer Products, Ontario, NY),
PEG 1000, PEG 2000, PPG 1000, PPG 3500, PEGMe2
1000, and PEGMe2 2000 (Sigma-Aldrich, Milwaukee,
WI) were dissolved (20–40 mM) in 46:46:8 H2O/
MeOH/acetic acid. As described in detail elsewhere,
ions were produced by nanoelectrospray and transmit-
ted by three rf only quadrupole guides through five
stages of differential pumping into a trapped ion cell
(1029 torr) of a modified 6T Finnigan FT/MS-2000 [4,
17]. Molecular ions of the desired m/z value were
isolated by stored waveform inverse Fourier transform
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(SWIFT) [18] and subjected to CAD fragmentation by
sustained off-resonance irradiation [2] or ECD. An
extensive description of ECD experimental methodol-
ogy has been published [4c]. Spectra were only re-
corded above m/z 500. Data reduction was performed
by THRASH [19].
Results and Discussion
In sharp contrast to the behavior of gaseous protein
ions, polyglycol ions dissociate by mechanisms that are
closely similar for CAD and ECD. Capture of a hydro-
gen (CAD: H1; ECD: Hz) at an ether oxygen triggers
chain cleavage with one product containing the new
terminus –OH and the other containing 1(CH2CH2O)–
(CAD) or z(CH2CH2O)– (ECD). The major CAD prod-
ucts are the complementary A and B ions (eq 1) and, for
R 5 CH3, C ions
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n1 ™™™™3
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C: loss of 44~ x 2 y!
[CH3(OC2H4)yOCH3 1 mH]
m1 formed by internal
monomer loss [20, 21]. The major ECD products are A
ions, but the complementary odd-electron Bz ions were
not observed in ECD spectra previously [13, 21] or in
the spectra here.
MS/MS Spectra of Polyglycols
Similar to a recent report on (PEG24 1 2H)
21 [13], the
ECD spectrum of monoisotopic (PEG44 1 3H)
31 ions
(SWIFT isolated from ESI of PEG-2000) shows (Figure 1,
inset) that the reduced molecular ion contains no stable
(PEG44 1 3H)
21z, an odd-electron (OE1z) species, corre-
sponding to that found in the ECD of proteins. This is
consistent with lower Hz affinity of the ether and
hydroxyl functionalities of PEG. However, as also con-
cluded previously [13], the A product ions arise from
secondary dissociations of the OE1z hypervalent
(PEG44 1 3H)
21z intermediate (eq 1), as CAD of the
even-electron (EE1) ions (PEG44 1 2H)
21 formed di-
rectly by ESI reveals negligible fragmentation. Further-
more, CAD of (PEG44 1 3H)
31 (Figure 1) produces B
ions, whereas ECD does not. The ECD spectrum of the
31 ions contains only singly charged ions; heating the
ion cell to 95 °C (“activated ion” ECD [22]) produced
almost no additional products (one doubly charged
ion), consistent with minimal tertiary nonbonding
structures in these gaseous ions.
CAD and ECD of the even larger and more highly
Figure 1. CAD and ECD spectra of (PEG44 1 3H)
31 ions. Asterisk: noise (no isotopes) or background
peaks. Ion designations as in eq 1.
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protonated (PEG100 1 nH)
n1, n 5 5–7, from the ESI of
PEG-4800 gave spectra (Figure 2) consistent with those
of the smaller PEG24 [13] and PEG44 ions. With ECD,
again Hz is readily lost to produce the EE1 singly reduced
molecular ions, with A ions as the remaining ECD prod-
ucts (eq 1), whereas the CAD spectra have both A and B
ions. CAD and ECD spectra of polypropylene glycol ions
[H(C3H6O)xOH 1 nH]
n1, where x 5 18 (Figure 3) and 82
(Figure 4) and those of the methoxy end-blocked PEG
[CH3(C2H4O)xOCH3 1 nH]
n1, where x 5 45 and 48
[21] are similar. The latter CAD spectra of PEGxMe2 also
show the rearranged C ion from direct loss of C2H4O
Figure 2. CAD and ECD spectra of (PEG100 1 6H)
61 ions.
Figure 3. CAD spectrum of (PPG18 1 H)
11 ions and ECD spectrum of (PPG18 1 2H)
21 ions.
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monomer units (eq 1), plus minor amounts of other
rearranged ions. For the ECD spectra, C ions are ,1%,
as discussed in a separate paper [21].
Probable Sites of Protonation
Theoretical calculations by Tasaki et al. [23] have shown
that, in solution, neutral PEGs adopt extended helical
(“zig-zag”) conformations. Reimann et al. [24] have
demonstrated by scanning force microscopy that mul-
tiply charged (Na1 cationized) PEGs electrosprayed
onto a flat target surface produce oblong hillocks which
are indicative of extended conformations, approximat-
ing Rockwood’s “charges on a string” model. However,
ion mobility and theoretical studies of Bowers and
co-workers show local (and to a small degree, extended)
solvation of the cation by six to eight oxygen atoms [14],
and these structures are consistent with cross sections
determined by ion mobility.
Bar graph displays (Figure 5) of the spectra of
(PEG100 1 7H)
71 show groups of peaks centered at
monomer units 19, 36, 49, 66, and 82 (and 97) for CAD
and at 21, 35, 52, 69, and 83 for ECD. Maximum spacing
would locate the charges at units 1, 17, 34, 50, 67, 83, and
100. This close correspondence between favored cleav-
age sites and the charge sites (except terminal sites) is
also found for the CAD and ECD spectra of (PEG100 1
6H)61 and (PEG100 1 5H)
51 ions (Figure 5), those of
(PEG48Me2 1 4H)
41 and (PEG48Me2 1 3H)
31 ions (Fig-
ure 6), and the ECD spectra of (PPG82 1 6H)
61 and
(PPG82 1 5H)
51 ions (Figure 7). Low mass peaks are
absent because spectra were recorded only above m/z
500, but the scarcity of the highest mass peaks for the
large ions (Figures 5 and 7) could reflect the lower
coulombic repulsion at the termini. The similarity of
peak distributions of CAD versus ECD spectra of the
same charge state is further evidence for ECD noner-
godic dissociation that occurs before the multiple
charges are relocated in response to the charge neutral-
ization.
The highest coulombic repulsion within the polymer
chain should be between charge locations, but these are
the sites where cleavages are negligible in the largest
ions. Bowers and co-workers have shown [14] for PEG
and PPG ions that each cation is solvated by six or seven
oxygens, so that coulombic repulsion should be far
more effective between those regions. In contrast, the
charge solvation regions are the most labile for CAD
and ECD. We conclude that charge and radical site
initiation [15, 16] are dominant determinants of reactiv-
ity for CAD and ECD. For ECD, however, this is not a
rigorous test of the importance of coulombic repulsion;
if ECD is a nonergodic dissociation, as postulated [4],
the excitation energy is not randomized, and so could
not effect dissociation between the charges.
Figure 4. ECD spectrum of (PPG82 1 6H)
61 ions.
Figure 5. Ion abundances in CAD (A, B ions) and ECD (A ions)
spectra of (PEG100 1 nH)
n1, n 5 7, 6, and 5.
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Effect of Cation Solvation on ECD
This nonergodic dissociation appears to be a main
reason that the product mass distribution from ECD is
narrower than that from CAD for smaller PEG ions [13],
and rearrangement formation of ions such as C is
negligible versus that of CAD [21]. Although this is less
clear for PEG100 ions, here the individual ECD peak
groups have surprisingly flat distributions, consistent
with a similar probability for capture of the energetic Hz
atom by the solvating oxygen atoms (eq 1).
Because the proton site and the affinity of the result-
ing Hz atom should be the chief determinants of ECD
cleavage sites [4, 13], ECD should provide a direct
probe of the charge solvation of these poly(alkene
glycol) ions. For ECD of (PEG24 1 2H)
21 ions [13], the
largest peak corresponds to the loss of (C2H4O)2, with
no C2H4O-loss peak. This is consistent with strong H
1
solvation by the terminal hydroxyl that inhibits solva-
tion by the first ether oxygen [14]; this could increase
the relative Hz atom affinity of the second ether oxygen.
However, the ECD spectra (PPG18 1 2H)
21 (Figure 3)
and (PPG19 1 2H)
21 (Figure 8) differ substantially, with
the loss of (C3H6O)4 favored; the added methyl group
should cause steric interference and increase the proton
affinity of the ether oxygens to make the hydroxyl
binding less competitive. Replacing the hydroxyl with a
methoxy group to give (PEG48Me2 1 nH)
n1 (Figure 6),
however, leads to a dominant loss of the terminal
methyl group, consistent with the higher proton affinity
of methoxy. The (PEG24 1 2NH4)
21 ion (Figure 8) has
dominant losses of both NH3 1 C2H4O and NH3 1
(C2H4O)2; in contrast to the H
1 solvation in (PEG24 1
2H)21, solvation of NH4 is favorable for both of the first
two ether oxygens as well as for the hydroxyl group.
The proposed ion structures are generally consistent
with the structures calculated [14] for the singly Na-
cationized (PEG14 1 Na)
11, in which the Na1 coordi-
Figure 6. Ion abundances in CAD and ECD spectra of
(PEG48Me2 1 nH)
n1, n 5 4 and 3. D ions: (A–CH3OH). E ions:
(A–14 Da).
Figure 7. Ion abundances in ECD spectra of (PPG82 1 nH)
n1,
n 5 6 and 5.
Figure 8. Ion abundances vs. x for loss of [(C2H4O)x 1 NH4]
from (PEG24 1 2NH4)
21; of [(C3H6O)x 1 H] from (PPG19 1
2H)21; of [(C2H4O)x 2 H 1 Na] from (PEG24 1 2Na)
21; and of
[(C3H6O)x 2 H 1 Na] from (PPG20 1 2Na)
21.
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nates eight oxygens, with five in a planar ring, and the
(PPG14 1 Na)
11 which has seven coordinated oxygens
with the Na1 above a puckered ring. However, in the
ECD spectra of the Na1-cationized (PEG24 1 2Na)
21
[13] and (PPG20 1 2Na)
21 (Figure 8), these ions lose
completely the neutralized Na atom. Of the products,
the reduced species (M 1 Na)11 is predominant, with
the only fragment A ions formed by the losses of six and
seven monomer units. (PPG19 1 2Na)
21 (not shown)
loses five and six units. Thus the mechanism of sodi-
ated-ion ECD is substantially different than those of the
protonated and ammoniated species. The neutralized
cation is not incorporated into the product ions, and an
Hz atom must be rearranged to give the A products. The
neutralized Na appears to take away with it most of the
originally solvated oxygen atoms. As pointed out [13],
this change of mechanism yields additional sequence
information that could be valuable for characterizing
copolymers [21].
Conclusions
Gaseous poly(alkene glycol) ions should have an open
structure and monomer units of equivalent reactivity.
Thus the general observation here that ions as large as
PEG100 dissociate near the charge site shows that cou-
lombic repulsion, although important as a modifier of
basic reactivity, is not a specific determinant of reactiv-
ity for unimolecular ion dissociation. Further evidence
is found for the unusual occurrence of nonergodic
dissociation for ECD of these ions; for protonated
species, the ECD spectra provide details of the original
charge solvation by the oxygen atoms of the ions. The
specificity of these charge site reactions of CAD and,
especially, of the radical site reactions of ECD make
those MS/MS spectra of high promise for the structural
characterization of polymers.
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